Introduction
The replacement of pancreatic endocrine tissue by islet transplantation offers a physiological approach to precise restoration of euglycemia in type I diabetics. Within the past five years, several cases have been reported where human islet allotransplantation has corrected basal hyperglycemia, rendering recipients insulin-independent for varying periods of time (1) (2) (3) (4) (5) (6) . This recent success is attributable to the development of more reproducible methods for isolating and purifying human islets (7) (8) (9) and by the provision of an adequate ␤ cell mass to achieve insulin independence. If islet transplantation is to become a widespread treatment for type I diabetics, it is clear that the supply of donor organs will become a major limitation.
In an attempt to overcome this supply problem, islet tissue from abundant and accessible animal sources are being considered for xenotransplantation (10) (11) (12) (13) (14) (15) (16) (17) . Pigs appear to meet the necessary requirements for a xenogeneic source of insulin-producing tissue as they breed rapidly, have large litters, and exhibit morphological and physiological characteristics comparable to humans. Porcine insulin is also structurally similar to human insulin and has been used safely for treating type I diabetics for decades.
Unfortunately, despite many reports on the isolation of adult porcine islets, factors such as age, breed, and quality of organs adversely affect the final yield (18, 19) , and, once isolated, adult porcine islets are fragile and difficult to maintain in tissue culture (17, 20, 21) . The fragility of these islets significantly decreases yields of islet cells particularly when culture procedures are used to reduce graft immunogenicity or when low temperature storage is used to combine isolates from multiple donors. In contrast, tissue culture of collagenase digested fetal porcine pancreas produces viable islet-like cell clusters (10) (11) (12) 14) , which have the ability to cure diabetic nude mice within 2 mo posttransplantation (11, 12) . A general finding, however, in rat (22) (23) (24) (25) , porcine (11, 12) , and human (26) fetal pancreatic ␤ cells is that they exhibit a poor insulin secretory response to glucose (22) (23) (24) (25) (26) , and the onset and maturation of glucose-induced insulin secretion is more evident in the postnatal period (22) (23) (24) (25) . Although it has been demonstrated that porcine neonatal pancreatic ␤ cells are capable of secreting significant quantities of insulin in response to an in vitro glucose challenge (27, 28) , no studies have examined their growth potential or functional ability to correct hyperglycemia in experimental models of diabetes. The aims of the present investigation were to develop a standardized method for the large scale isolation of porcine neonatal islet cell (NIC) 1 aggregates, to define the cellular composition of these aggregates, and to assess their growth potential and viability both in vitro and in vivo. The study was undertaken to determine the feasibility of using the neonatal porcine pancreas as a source of insulin-producing tissue for xenotransplantation into human type I diabetics.
Methods
Media and products. The isolation of porcine NIC aggregates was carried out in HBSS (Gibco, Burlington, Canada) supplemented with 0.25% BSA (fraction V; Sigma Chemical Co., St. Louis, MO), 10 mmol/liter Hepes (ICN Biomedicals, Inc., Costa Mesa, CA), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Ham's F10 tissue culture medium was purchased from Gibco, isobutylmethylxanthine (IBMX) from ICN Biomedicals, nicotinamide from BDH Biochemical (Poole, England) and theophylline from Aldrich Chemical Co. (Milwaukee, WI). Insulin release experiments were carried out in RPMI tissue culture medium (Gibco). Collagenase (Type V) was obtained from Sigma, and crystalline trypsin, bovine pancreatic DNase, Proteinase K, and RNase A from Boehringer Mannheim (Laval, Canada). Picogreen (P-7581), a fluorescent nucleic acid stain for quantification of double-stranded DNA, was purchased from Molecular Probes, Inc. (Eugene, OR).
Animals. Donor pancreases were obtained from 1 to 3 d-old Landrace-Yorkshire neonatal pigs (1.5-2.0 kg body wt) of either sex. Piglets were anesthetized with Halothane and subjected to laparotomy and complete exsanguination. The pancreas was then carefully dissected from surrounding tissue and placed in cooled (4 Њ C) HBSS (supplemented as above). Warm and cold ischemia was kept to Ͻ 10 and Ͻ 5 min, respectively. Eight glands were initially used to standardize the procurement and isolation procedure. Data were then obtained from 10 consecutive independent experiments, with islet cells prepared from three neonatal pig pancreases for each experiment.
Male, inbred, athymic nude Balb/c mice (age 6-8 wk) were used as recipients of the NIC aggregates (The Jackson Laboratories, Bar Harbor, ME). Mice were rendered diabetic by intravenous injection of 90 mg/kg body wt alloxan (Sigma Chemical Co.; freshly dissolved in 1 mmol/liter hydrochloric acid) 4-5 d before transplantation. Normoglycemic, age-matched mice served as normal controls. All recipients entering this study exhibited blood glucose levels above 20 mmol/liter. Blood samples were obtained from the tail vein for glucose assay (Medisense glucose meter; Medisense Canada, Mississauga, Canada). Animals were maintained under virus-antibody-free conditions in climatized rooms with free access to sterilized tap water and pelleted food.
Preparation and culture of porcine NIC aggregates. Each of the glands were cut into fragments of ‫ف‬ 1-2 mm 3 , then transferred to sterile tubes containing HBSS (supplemented as above) with 2.5 mg/ ml collagenase, and gently agitated for 16-18 min in a shaking water bath at 37 Њ C. The digest was filtered through a nylon screen (500 m), washed four times in HBSS, then placed into bacteriological petri dishes containing Ham's F10 tissue culture medium (10 mmol/liter glucose, 50 mol/liter IBMX, 0.5% BSA, 2 mmol/liter l -glutamine, 10 mmol/liter nicotinamide, 100 U/ml penicillin, and 100 g/ml streptomycin). Culture dishes were maintained at 37 Њ C (5% CO 2 , 95% air) in humidified air for 9 d, with the medium and dishes changed the first day after isolation and the medium every second day thereafter.
Characterization of islet cell preparations. After the isolation procedure, and after 3 and 9 d of tissue culture, recovery and purity of the NIC aggregates was determined on the basis of cellular hormone, DNA, and amylase content. All measurements were assessed from duplicate aliquots of the islet cell suspensions. Hormone content was measured after extraction in 2 mmol/liter acetic acid containing 0.25% BSA. Samples were sonicated in acetic acid, centrifuged (800 g , 15 min), then supernatants were collected and stored at Ϫ 20 Њ C until assayed for insulin content by ELISA (Boehringer Mannheim) and for glucagon content by means of radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA). Amylase content was determined in supernatant fractions collected from cell suspensions which were sonicated in supplemented HBSS, stored at Ϫ 20 Њ C, then measured by an enzymatic amylase assay (Beckman Instruments Inc., Carlsbad, CA). For DNA content, aliquots were washed in citrate buffer (150 mmol/liter NaCl, 15 mmol/liter citrate, 3 mmol/liter EDTA, pH 7.4) and stored as cell pellets at Ϫ 20 Њ C. Before being assayed, cell pellets were placed in 450 l of lysis buffer (10 mmol/liter Tris, 1 mmol/liter EDTA, 0.5% Triton X-100, 4 Њ C, pH 7.5), sonicated, supplemented with 25 l of Proteinase K solution (8 mg/ml), vortexed, and incubated at 65 and 70 Њ C for 45 and 10 min, respectively. Lysates were supplemented with 25 l of RNase A solution (10 mg/ml), vortexed, and incubated for 1 h at 37 Њ C. Aliquots of 25 and 50 l were assayed in duplicate by diluting them in 1 ml of DNA buffer (10 mmol/liter Tris, 1 mmol/liter EDTA, pH 7.5) and measuring fluorescence at 490 exc. / 515 em. nm after the addition of 1 ml of Pico Green reagent (1/200 dilution with DNA buffer). Samples were run in parallel with and diluted in proportion to a seven point (0-400 ng/ml) standard curve which was generated using calf thymus DNA. To determine DNA content per islet cell, NIC aggregates were dissociated into single cell suspensions by gentle agitation in calcium-free medium containing trypsin (15 g/ml) and DNase (4 g/ml, references [29] [30] [31] . A Burker chamber was used for cell counts (29, 30) , and samples ranging from 2-5 ϫ 10 4 cells were assayed for DNA content. The cellular composition of each fraction was determined by electron microscopy and immunohistochemistry using methods similar to that previously described by Pipeleers et al. (32) (33) (34) . Aggregates were fixed in 2.5% (vol/vol) glutaraldehyde (Millonig's buffer, pH 7.2), post-fixed in 1.5% (wt/vol) OsO 4 , washed in distilled water, then dehydrated successively in 50, 70, 80, 90, and 100% ethanol, before embedding in araldite. For electron microscopy, sections were stained with lead citrate and uranyl acetate then subsequently examined in a Hitachi H 7000 (Hitachi Ltd., Tokyo, Japan) transmission electron microscope. In each sample, minimally 100 cells were examined and characterized as exocrine (presence of zymogen granules Ͼ 500 nm in diameter), endocrine (presence of smaller granules typical for ␣ , ␤ , ␦ , or pancreatic polypeptide cells), nongranulated (absence of secretory vesicles), or as damaged (ruptured plasma membranes and/or swollen organelles) (32, 33) . For immunohistochemistry, the avidin-biotin complex (ABC) method was used with peroxidase and diaminobenzidine as the chromagen. Sections (1 m) were affixed to glass slides by heat, the plastic resin removed with sodium methoxide and counter stained with Harris's hemotoxylin for 2 min, then subsequently stained separately for the presence of insulin-and glucagon-containing cells. In each experiment, a minimum of 15 aggregates randomly selected from three to four different sections were examined. Primary antibodies (Dako Corp., Carpinteria, CA) included, guinea pig antiporcine insulin (1:1,000) and rabbit antiglucagon (1:100); biotinylated secondary antibodies and the ABC-enzyme complexes were purchased from Vector Laboratories (Burlingame, CA). Primary antibodies were incubated for 30 min (room temperature), while secondary antibodies were applied for 20 min.
For assessment of in vitro viability, the NICs secretory response to glucose was determined after 9 d of tissue culture by using a static incubation assay (29) . The cultured fractions were recovered from the petri dishes, washed, and aliquots of 50-100 aggregates were incubated for 120 min in 1.5 ml of RPMI medium supplemented with 2 mmol/liter l -glutamine, 0.5% BSA and either 2.8 mmol/liter glucose, 20 mmol/liter glucose or 20 mmol/liter glucose plus 10 mmol/liter theophylline. Tissue and medium were then separated by centrifugation and assayed for their respective insulin contents. The insulin content of the medium was expressed as a percentage of the total content (i.e., tissue plus medium). Stimulation indices were calculated by dividing the amount of insulin release at 20 mmol/liter glucose ( ϩ / Ϫ theophylline) by that released at 2.8 mmol/liter glucose. In four independent experiments a portion of the freshly isolated NIC preparation was cultured for 9 d in the supplemented HAM's F10 medium, but without the addition of 10 mmol/liter nicotinamide, to assess whether nicotinamide influenced the insulin secretory capacity of porcine neonatal ␤ cells.
Transplantation and metabolic follow-up. After 9 d of culture, NIC aggregates were transplanted under the left kidney capsule of Halothane-anesthetized nude mice. Before implantation, the cellular composition of the graft was characterized as outlined above, and to standardize the mass of islet cells transplanted in each experiment, representative aliquots of each preparation were counted, sized, and the final quantity of aggregates was converted to the number equivalent to a diameter of 150 m (35) . Aliquots consisting of 1,000 or 2,000 aggregate equivalents were aspirated into polyethylene tubing (PE-50), pelleted by centrifugation, and gently placed under the kidney capsule with the aid of a micromanipulator syringe. Once the tubing was removed, the capsulotomy was cauterized with a disposable high-temperature cautery pen (Aaron Medical Industries, St. Petersburg, FL).
Transplanted mice and normal controls were monitored for blood glucose levels once a week between 8:00 and 11:00 a.m. When the blood glucose level was Յ 8.4 mmol/liter, the graft was deemed a success. At posttransplantation week 12, an oral (OGTT) and then an intraperitoneal (IPGTT) glucose tolerance test 48 h later were performed on NIC recipients with normalized basal glycemia and in normal controls. After a 2-h fast, d -glucose (3 mg/g body wt) was administered as a 50% solution intragastrically or injected intraperitoneally into nonanesthetized mice. Blood samples were obtained from the tail vein at 0,15, 30, 60, and 120 min.
Characterization of harvested NIC grafts. At 14 wk posttransplantation, NIC recipients underwent a nephrectomy of the graft-bearing kidney for morphological analysis or to determine insulin and glucagon contents of the harvested grafts. The grafts in four recipients receiving 2,000 aggregates were, however, not removed at this time, and these animals were monitored for an additional 7 mo. Nephrectomized animals were subsequently monitored to confirm a return of hyperglycemia. The graft-bearing kidneys were immersed in Bouin's solution overnight and embedded in paraffin. Sections, 5-m thick, were then stained for the presence of insulin-and glucagon-containing cells, as described above. Pieces of native neonatal pig pancreas were also processed and analyzed according to this procedure. In two recipients, the graft and adjacent kidney tissue was fixed in glutaraldehyde then processed for electron microscopy. For hormone extraction, organs were homogenized and then sonicated at 4 Њ C in 10 ml of 2 mmol/liter acetic acid (0.25% BSA). After 2-h at 4 Њ C, tissue homogenates were resonicated, centrifuged (8,000 g , 20 min), then supernatants were collected and the pellets further extracted by sonication in an additional 8 ml of acetic acid. The second supernatant was collected after centrifugation, combined with the first supernatant, total volume was measured, and samples were assayed for insulin and glucagon content. The same procedure was also used to extract hormones from pancreases obtained from NIC recipients, normal control mice, and 1-3-d-old neonatal pigs.
Statistical analysis. Data are expressed as means Ϯ SE of n independent observations. Statistical significance of differences was calculated with a two-tailed unpaired Student's t test or a one-way ANOVA in case of multiple comparisons.
Results
Porcine NIC preparation. After collagenase digestion, a mean of 134 g of insulin was recovered per neonatal pancreas (Table I). The digest contained ‫ف‬ 65% of the total insulin content present in nondigested 1-3-d-old neonatal pig pancreases, which were found to contain 205 Ϯ 7 g insulin (range ϭ 191-242 g; data not shown). Tissue culture resulted in further losses of cellular insulin mass, so that after 3 and 9 d of culture, 72 and 64% of the amount initially present in the digest was recovered, respectively (Table I) . On the other hand, culture caused a marked reduction in the amount of recoverable DNA, as Ͻ 20% of that found in the digest was present after 3 d of culture and only 10% after 9 d ( P Ͻ 0.0001, Table I ). Similarly, cultured preparations exhibited amylase values Ͻ 1% of the digests (Table I ). The insulin content per microgram of DNA or per amylase content (U) of the porcine NICs significantly increased during culture (Table I) . On the basis of the insulin per DNA values, 9 d-cultured NIC preparations were more than sixfold ( P Ͻ 0.0001) enriched in endocrine tissue compared to the freshly isolated material (Table I) . When expressed as a ratio of insulin per amylase, enrichment in endocrine tissue was Ͼ 900-fold ( P Ͻ 0.0001) after the 9-d culture period (Table I) .
Electron micrographs of the freshly isolated preparations indicated that Ͼ 90% of the cells were nonendocrine, of which the majority were exocrine (74%), and only 7% were shown to contain secretory vesicles characteristic of endocrine cells (Table II). Immunohistochemical analysis of the digest demonstrated the presence of 5% insulin-positive and 2% glucagonpositive cells (Table II) . During the first 2 d of culture, many degenerating cells were observed cleaving away from the edges of a centrally located islet cell aggregate. Microscopically, NIC aggregates developed into spherical structures by the third day of culture and began to exhibit a translucent appearance similar to adult pancreatic islets. Tissue culture markedly reduced the percentage of exocrine cells, so that at 9 d postisolation Ͻ 5% of the cells were identified as exocrine (Table II) . These morphological findings are therefore consistent with the observed reduction in amylase content after culture. The 9 d-cultured preparations consisted of 35% structurally intact endocrine cells containing well-developed endoplasmic reticulum (Fig. 1 ). This percentage of endocrine cells was significantly higher than at the start of culture ( P Ͻ 0.001; Table II ). In general, 9 d-cultured aggregates contained numerous nongranulated epithelial cells (57%), as well as many duct-like structures (Fig. 1) . A low degree of cellular damage was also observed in the electron micrographs (Table II) . Immunohistological examination confirmed that 9 d-cultured preparations consisted mainly of epithelial cells with the presence of 24% insulin-containing and 8% glucagon-containing cells scattered randomly throughout the aggregate (Fig. 2 C Values are means Ϯ SE of 10 independent experiments. In each experiment, porcine NIC aggregates were prepared from three pancreases. Statistical significance of differences was calculated by one-way ANOVA. * P Ͻ 0.05, ‡ P Ͻ 0.01, § P Ͻ 0.0001 vs. freshly isolated. ʈ P Ͻ 0.0001 vs. 3 days.
and D). This random distribution of endocrine cells was also similar to that observed in the native neonatal porcine pancreas ( Fig. 2 A and B) .
The quantity of aggregates recovered in each experiment was estimated using the method previously described for determining human islet equivalents (35) 
Insulin secretory responsiveness. The secretory activity of NIC aggregates cultured for 9 d in the presence or absence of 10 mmol/liter nicotinamide was tested by comparing the percentages of cellular insulin that were released at low glucose (2.8 mmol/liter), high glucose (20 mmol/liter), and high glucose plus theophylline (10 mmol/liter). No statistically significant differences were noticed in the amounts of insulin secreted at the low glucose concentration (Table III) . Incubation in 20 mmol/liter glucose significantly (P Ͻ 0.001) increased the secretory rate of both nicotinamide-treated and nontreated NICs; this effect was further potentiated when the NICs were exposed to high glucose plus theophylline (Table III) . However, the amount of insulin released and the calculated stimulation indices after incubation with either 20 mmol/liter glucose or 20 mmol/liter glucose plus 10 mmol/liter theophylline were significantly higher when the NICs were previously cultured with nicotinamide. Nicotinamide-treated aggregates exhibited stimulation indices greater than fivefold when comparing insulin release at high glucose versus that at low glucose. When exposed to 20 mmol/liter glucose in combination with 10 mmol/liter theophylline, stimulation indices were Ͼ 39-fold (Table III) . Analysis of the total cellular insulin and DNA content recovered per NIC aggregate and the percentage of insulin-positive cells revealed no significant differences between nicotinamide-treated and untreated preparations (data not shown).
Composition of NIC grafts. Before transplantation, the composition of 9 d-cultured NIC grafts was determined by electron microscopy, immunohistochemistry, hormone content, and DNA assay (Tables II and IV) . As previously described, the NIC grafts were composed of 57% nongranulated and 35% endocrine cells; the remaining cell types were identified as either exocrine (3%) or damaged cells (5% ; Table II ). Immunohistochemical staining for insulin and glucagon was positive for 24 and 8% of the total cell population, respectively Values are meansϮSE of n independent determinations. In each experiment, porcine NIC aggregates were prepared from three pancreases. Cell composition was determined in electron micrographs and the percent glucagon and insulin containing cells was determined by immunohistochemistry, as described in Methods. Statistical significance of differences was calculated by one-way ANOVA. ‡ P Ͻ 0.05, § P Ͻ 0.001, *P Ͻ 0.0001 vs. freshly isolated.
ʈ P Ͻ 0.01, **P Ͻ 0.001, ¶ P Ͻ 0.0001 vs. 3 days. Figure 1 . Electron micrograph of porcine NIC aggregates after nine days culture. Beta cells appear well granulated, structurally intact, and contain secretory granules which conform to adult granule morphology. The aggregate also contains nongranulated cells (star) and numerous duct-like structures (arrows) (ϫ1,300). ( Table II) . On the basis of the implants' DNA content (Table  IV) and the observation that single porcine neonatal islet cells prepared from 9 d-cultured aggregates were found to contain 7.1 pg DNA/cell (data not shown), it was calculated that grafts consisting of 1,000 or 2,000 aggregates contained 1.3 or 2.6 million cells, respectively. In view of the percentage of insulinpositive cells, the implants should therefore contain ‫ف‬ 0.3 or 0.6 ϫ 10 6 insulin-producing ␤ cells. The measurement of DNA, insulin, and glucagon content also confirmed that the mass of the 2,000 aggregate grafts was correspondingly larger than the 1,000 aggregate grafts.
Transplantation of NIC aggregates into diabetic nude mice. After alloxan administration, all NIC recipients exhibited blood glucose levels above 20 mmol/liter. Diabetic controls (n ϭ 9) not receiving a graft were shown to survive for 11Ϯ4 d. All animals transplanted with 2,000 NIC aggregates exhibited blood glucose values Յ 8.4 mmol/liter within 8 wk posttransplantation (Table V) . This metabolic state was maintained over the 14 wk follow-up period, and in four animals which were not killed at 14 wk, normoglycemia was maintained for Ͼ 11 mo posttransplantation (data not shown). On the other hand, 10 of the 13 animals implanted with 1,000 aggregates achieved normoglycemia (blood glucose Յ 8.4 mmol/liter) within the follow-up period (Table V) . At 14 wk posttransplantation, blood glucose values of those 1,000 aggregate recipients not obtaining euglycemia were: 10.7, 12.2, and 14.4 mmol/liter. Comparison with normal controls indicated that recipients of 2,000 NIC aggregates exhibited significantly lower blood glucose levels at weeks 12 and 14 (Table V) . These values did not, however, continue to decrease further, as those recipients (n ϭ 4) allowed to survive long term exhibited glucose levels of 5.2Ϯ0.6 at 11 mo posttransplantation (P Ͻ 0.01 vs. normal controls; data not shown). No differences were measured between the mean glucose values of the 10 normoglycemic 1,000-aggregate recipients and normal controls (Table V) . In both transplanted groups, removal of the graftbearing kidney for morphological examination or hormone extraction was followed by a rapid return to the diabetic state, indicating that the NIC grafts were responsible for the normoglycemic state.
Glucose tolerance tests were performed on normoglycemic mice 12 wk posttransplantation, and when compared to normal control mice, recipients of 2,000 aggregates exhibited significantly lower glycemic values at all time points (Fig. 3) . When the 1,000-aggregate recipients were compared to normal controls, their blood glucose levels were not statistically different throughout both tests. Comparison of the two transplant groups indicated that the 1,000-aggregate recipients exhibited statistically higher values at 15 and 30 min in the OGTT and at 15, 30, and 60 min for the IPGTT (Fig. 3) . In all groups, the glycemia at min 120 after the bolus of glucose was not significantly different from the values at min 0.
Hormone content and morphological characterization of NIC grafts. Before implantation, NIC grafts contained on average 1.9 g of insulin/1,000 aggregates or 4.0 g of insulin/ 2,000 aggregates (Table IV) . 14 wk posttransplantation, considerably larger quantities of cellular insulin were recovered from the graft-bearing kidneys (Table VI) . There was, however, no difference in the glucagon content between the harvested grafts and the grafts analyzed at the time of implantation (Table VI) . The insulin content of grafts obtained from normoglycemic recipients implanted with 1,000 aggregates contained 30-fold (63.7 g) more insulin than what was initially transplanted (Table VI) . Grafts retrieved from animals receiving 1,000 aggregates and which did not achieve euglycemia were shown to contain 12.2, 16.7, and 18.9 g insulin (data not shown). In animals transplanted with 2,000 aggregates, grafts contained Ͼ 20-fold (88 g) more insulin than at the time of implantation (Table VI) . The amount of insulin extracted from grafts obtained from recipients of 1,000 and 2,000 aggregates corresponds to, respectively, Ͼ 74 and 141% of the pancreatic insulin content in age-matched normal control mice Values are meansϮSE of 10 independent experiments. In each experiment, porcine NIC aggregates were prepared from three pancreases. (Table VI) . Glucagon content, on the other hand, was similar to that found in pancreases of normal controls. The recipients' pancreatic insulin content was Ͻ 1% of that contained in normal control animals, whereas their glucagon content was similar to that in normal controls (Table VI) .
Macroscopically, considerable growth of the NIC grafts was evident after 14 wk posttransplantation. Immunohistological examination of the grafts revealed a highly vascularized tissue, consisting predominantly of well-granulated insulin-and glucagon-containing cells (Fig. 2 E & G and F & H, respectively) . Epithelial cells were not frequently seen in the grafts. The ␤ cells, which composed the major volume of the graft, were arranged in ductal-tubular-like structures and the endocrine non-␤ cells were scattered randomly among the ␤ cells. No marked differences in morphology were observed between the two transplant groups. In electron micrographs, donor endocrine cells were shown to be structurally intact, highly granulated, and mitotic activity was detected within some of the grafts' ␤ cells (Fig. 4) .
Discussion
The present data indicate that viable porcine neonatal islet cells can be successfully isolated in large numbers by culturing collagenase digested pancreas for 9 d. Since we and others (36) observed that the endocrine portion of the neonatal pig pancreas does not contain intact and mature islets, but rather exhibits a random distribution of endocrine cells, no attempts were made to process these organs using methods conventionally used for isolating adult mammalian islets. Neonatal pig pancreases were therefore digested according to a modification of the method of Korsgren et al. (10) for preparing fetal pig islet cell clusters. Tissue culture was then used to enrich the preparations in endocrine cells before assessing their viability through an in vitro stimulation assay and by transplantation into diabetic nude mice. Selection of the media supplements was based on the following considerations: (a) serum was omitted due to its ability to promote the survival of contaminating fibroblasts and pancreatic exocrine cells (unpublished observations), and based on previous reports (37, 38) , albumin was selected as a serum substitute; (b) IBMX was used for its capacity to stimulate DNA synthesis in rat islets (39), and its potential to enhance survival of cultured rat ␤ cells (38); (c) 10 mmol/liter glucose was added to enhance ␤ cell replication (40, 41) and for its cytoprotective effect during culture of purified rat ␤ cells (38) ; and (d) nicotinamide was included due to its ability to stimulate islet cell DNA replication (42) , and its beneficial effect on the metabolic function of porcine fetal islet cells (12) .
Using insulin content as a parameter, ‫ف‬ 65% of the initial pancreatic ␤ cell mass was recovered after the collagenase digestion phase. This index of ␤ cell recovery is likely an underestimation because it does not take into account possible degranulation which could occur during the digestion. A 9-d culture of the digest succeeded in eliminating the majority of contaminating exocrine cells and resulted in the formation of numerous islet cell aggregates. The NIC aggregates were predominantly composed of epithelial cells, exhibited a purity of 35% endocrine cells, and contained ‫ف‬ 25% insulin-positive cells. With the technique used in this study, generally 50,000 NIC aggregates were recovered from one pancreas. These yields are significantly higher than those obtained in studies using mid-gestational fetal pigs, where the average yield per fetus was ‫ف‬ 10,000 islet cell clusters (10, 13) . These differences in yield are likely due to the greater pancreatic mass in neonatal pigs.
When considering the mean DNA recovery per pancreas, the DNA content of porcine neonatal islet cells (7.1 pg/cell), The decrease in endocrine cell mass between the isolation and 3-d culture is likely the result of deleterious effects of the collagenase digestion and the presence of potentially cytotoxic proteases released from degenerating exocrine cells during culture. In contrast, the increase in both ␣ and ␤ cell mass (i.e., 38 and 56%, respectively) between day 3 and day 9 of culture, can possibly be explained by the growth or differentiation of new endocrine cells. Cellular insulin content also decreased significantly during the first 3 d of culture, and this is presumably related to the fall in ␤ cell mass. However, between days 3 and 9 of culture, cellular insulin content decreased by 10%, yet ␤ cell mass was shown to increase. Thus, even though new ␤ cells were forming and contributing to the total insulin pool, their insulin stores as well as those of preexisting ␤ cells likely decreased as a result of secretory activity that exceeds the rate of insulin biosynthesis during culture. The recovery of cellular DNA decreased throughout the 9-d culture period, which is likely the result of the marked elimination of contaminating exocrine cells.
Many studies have indicated that the fetal ␤ cell has a poor insulin response to glucose, which is rapidly converted to a more adult pattern after birth (22) (23) (24) (25) . In the present study, porcine neonatal ␤ cells were capable of secreting significant amounts of insulin in response to a glucose challenge. This secretory capacity was further augmented when the NIC aggregates were challenged with glucose plus theophylline, or when they were precultured in the presence of nicotinamide. These results are comparable to those described for islet cells prepared from the neonatal pig pancreas (1-3 d old) after trypsin dissociation and 7-d culture (27) and are significantly higher than those observed for fetal pig islet cells (10, 12) ; suggesting that in the pig, neonatal ␤ cells are more responsive to glucose than fetal ␤ cells. A possible explanation for nicotinamide's beneficial effect is that it may act as a protective agent, thereby preserving the insulin secretory activity of the neonatal ␤ cell throughout the culture period. Nicotinamide has been shown to protect against the cytotoxic action of streptozotocin on ␤ cells (43, 44) and to slow or arrest the development of diabetes in the nonobese diabetic mice (45) . The agent may therefore enhance survival of porcine NICs after collagenase digestion and protect them from chemical disruption due to the proteolytic activity of enzymes leaking from degenerating exocrine cells during culture. Interestingly, culture in nicotinamide did not increase the frequency of insulin-positive cells in the NIC aggregates. This observation is in contrast to that observed when fetal porcine (12) and human (46) islet cell clusters were cultured with nicotinamide.
Diabetic nude mice were transplanted with 1,000 or 2,000 NIC aggregates, containing either 3 or 6 ϫ 10 5 ␤ cells. At post-
number of β cells recovered per pancreas transplantation wk 14, 75% of the mice receiving 1,000 aggregates exhibited blood glucose values Յ 8.4 mmol/liter, whereas, 2,000 aggregates cured diabetes in 100% of the animals within 8 wk after implantation. In contrast, Davilli and associates demonstrated that 2,000 adult porcine islet equivalents infrequently produced normoglycemia in diabetic nude mice, and that 4,000 islet equivalents with an average cellular insulin mass of 38.4 g required Ͼ 5 wk to normalize diabetic nude mice (15) . In the present study, only 2,000 porcine NIC aggregates containing 4 g insulin were required to achieve euglycemia long term. One possible explanation for these differences is that adult porcine islets are considerably more fragile than the NIC aggregates and this may result in significantly more ␤ cell death and malfunction of the adult islets posttransplantation. It is also conceivable that during the initial days after implantation, reduction in the grafts' ␤ cell mass may occur due to poor vascularization and anoxic conditions. Thus, with adult islet grafts the final ␤ cell mass that becomes functionally active after the engraftment period may be considerably less than the amount initially implanted. On the other hand, the ability of immature NICs to differentiate and proliferate may potentially allow them to replace any ␤ cell mass lost to ischemic damage in the immediate posttransplantation period.
Although the NIC grafts were unable to correct diabetes immediately after transplantation, they eventually developed the capacity to establish and maintain euglycemia, likely because the relatively few ␤ cells implanted initially were subsequently supplemented by the growth and/or differentiation of additional new ␤ cells. Interestingly, all recipients survived this hyperglycemic period, yet diabetic controls survived for only 11Ϯ4 d after alloxan treatment, suggesting that even in the first 2 wk posttransplantation, NIC grafts produced sufficient insulin to keep recipients alive, although not euglycemic. We hypothesize that a hyperglycemic environment may be essential to inducing the growth and differentiation of new ␤ cells in our experimental model, and perhaps also in the clinical setting. At the time of implantation, the insulin content of NIC grafts corresponded to only 5-10% of the pancreatic insulin content found in aged-matched normal controls. After transplantation, the grafts' insulin mass increased by Ͼ 20-fold. Whether this increase in insulin mass was related to the birth of new ␤ cells through differentiation of epithelial cells in the NIC aggregates and/or replication of existing ␤ cells was not assessed in this study. It has however been suggested that the major source of newly formed ␤ cells in transplanted porcine islet cell clusters is from undifferentiated epithelial cells rather than from preexisting ␤ cells (11) . Our morphological data indirectly support this concept, since at the time of implantation NIC grafts were composed predominantly of epithelial cells, whereas several weeks after transplantation, few epithelial cells were detected and insulin-producing ␤ cells now comprised the major volume of the graft. It cannot be excluded, however, that ␤ cell proliferation did not contribute to at least some of the increased insulin content of the grafts, as electron micrographs indicated mitotic activity within some of the engrafted ␤ cells. The use of semiquantitative morphometric techniques, such as bromodeoxyuridine labeling and simultaneous immunostaining for islet hormones (15) , should provide further insight into the growth kinetics of porcine NIC grafts. It is worthy to note that the grafts' glucagon content did not increase after transplantation, suggesting that no additional growth of ␣ cells occurred. Similarly, in studies where fetal porcine islet cells were implanted into alloxan-diabetic nude mice, the frequency of glucagon-containing cells markedly decreased after transplantation (11) . These observations indicate that in immature islet cell grafts, continued growth and differentiation of endocrine non-␤ cells is limited, if not inhibited, when transplanted under the kidney capsule of alloxan-diabetic nude mice.
The pancreases of normal control mice were shown to contain ‫ف‬ 40 g insulin and grafts obtained from recipients of 2,000 NIC aggregates contained 88 g insulin. The apparent excess ␤ cell mass in these animals could explain their lower blood glucose levels when compared to age-matched normal controls. On the other hand, this phenomenon has also been observed in nude mice transplanted with adult porcine islets in which the grafts' ␤ cell mass did not differ from that found in the pancreas of normal control mice (15) . Thus, an alternative explanation for this observation is that the donor's ␤ cells eventually regulated the recipient's glucose homeostasis to that found in pigs, rather than in mice. Therefore, since plasma glucose levels in pigs and humans are similar, these results indicate that transplantation of porcine NICs into humans should theoretically maintain blood sugars within the recipient's physiological range.
In conclusion, the neonatal porcine pancreas can be used for the isolation of a large number of functionally viable islet cells. Furthermore, due to their ready availability and inherent capacity to proliferate and differentiate both in vitro and in vivo, they constitute an attractive source of insulin-producing tissue for studies of islet cell neogenesis or as a source of xenogeneic islet cells for clinical transplantation. However, before this tissue can be considered for application in humans many questions need to be addressed, in light of the work of Groth et al. (13) , which showed that when fetal porcine islet cells were transplanted into type I diabetics there was no evidence to indicate engraftment of these cells.
